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ABSTRACT

An automatic speech recognition (ASR) triggering system,
and a method of providing an ASR trigger signal, 1s
described. The ASR triggering system can include a micro-
phone to generate an acoustic signal representing an acoustic

vibration
to genera

and an accelerometer worn 1n an ear canal ot a user
te a non-acoustic signal representing a bone con-

duction vibration. A processor of the ASR triggering system
can receive an acoustic trigger signal based on the acoustic
signal and a non-acoustic trigger signal based on the non-
acoustic signal, and combine the trigger signals to gate an
ASR trigger signal. For example, the ASR trigger signal may

be provic
are simul

ed to an ASR server only when the trigger signals
taneously asserted. Other embodiments are also

described

and claimed.

19 Claims, 13 Drawing Sheets
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AUTOMATIC SPEECH RECOGNITION
TRIGGERING SYSTEM

BACKGROUND

Field

Embodiments related to speech recognition systems, such
as hands-free computer systems, are disclosed. More par-
ticularly, embodiments related to computer systems having,
intelligent personal assistant agents, are disclosed.

Background Information

Computer systems and mobile devices can utilize intelli-
gent personal assistant software agents, such as voice assis-
tants. Voice assistants can be triggered by an always-on-
processor (AOP) based on voice data generated by a
microphone. For example, the AOP may recognize a key-
phrase represented by the voice data, and generate a trigger
signal to activate speech recognition of a payload of the
voice data. Trigger signals to activate a speech recognition
algorithm can also be generated 1n response to physical taps
by a user on an accessory of the computer system.

SUMMARY

Speech recognition triggers that are based on verbal
commands or physical taps as mputs may not function
seamlessly 1n noisy environments and/or are subject to false
triggers. For example, key-phrases spoken by a bystander
can falsely trigger the voice assistant. Similarly, uninten-
tional taps on the accessory of the computer system can
generate false triggers. False triggers can drain device power
and frustrate the user.

An automatic speech recognition (ASR) triggering system
can generate an ASR trigger based 1n part on a non-acoustic
signal generated by an accelerometer. In an embodiment, the
ASR triggering system may include a microphone to gen-
erate an acoustic signal representing an acoustic vibration,
and an accelerometer to generate a non-acoustic signal
representing a bone conduction vibration. An acoustic detec-
tor may receive the acoustic signal from the microphone and
generate an acoustic trigger signal based on the acoustic
signal. Similarly, a voice activity detector (VAD) may
receive the non-acoustic signal from the accelerometer and
generate a VAD signal based on energy or a cross-correla-
tion value. The cross-correlation value may be based on
cross-correlation of several accelerometer axis signal com-
ponents of the non-acoustic signal. The cross-correlation
value may be based on cross-correlation of the acoustic
signal and the non-acoustic signal. A processor of the ASR
triggering system may receive the acoustic trigger signal and
a non-acoustic trigger signal, which 1s based on the energy
or cross-correlation value. The processor can generate an
ASR trigger signal based on a combination of the acoustic
trigger signal and the non-acoustic trigger signal. The com-
bination may include a logical operation, e.g., an AND gate
using binary trigger iput signals to generate a binary ASR
trigger output signal.

In an embodiment, an ASR triggering system includes a
microphone to generate an acoustic signal representing an
acoustic vibration, and an accelerometer to generate a non-
acoustic signal representing a bone conduction vibration. A
multi-channel key-phrase detector can receive the acoustic
signal and the non-acoustic signal on different channels. For
example, a processor includes an acoustic channel to receive
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2

the acoustic signal and a non-acoustic channel to receive the
non-acoustic signal. The processor can generate an ASR

trigger signal based on a combination of the acoustic signal
and the non-acoustic signal. For example, the processor can
generate the ASR trigger signal when the acoustic signal and
the non-acoustic signal coincide for a predetermined key-
phrase signal. The acoustic signal may have a higher energy
bandwidth than the non-acoustic signal, e.g., the acoustic
signal may have an energy bandwidth of several kHz and the
non-acoustic signal may have an energy bandwidth less than
1 kHz. The processor may generate the ASR trigger signal
as a binary output.

In an embodiment, an ASR triggering system includes an
accelerometer to generate a non-acoustic signal correspond-
ing to an input command pattern made by a user. For
example, the user may make a series of hums having a
monotone audio characteristic as a predetermined trigger
cue. A processor may receive the non-acoustic signal and
generate an ASR trigger signal based on the non-acoustic
hum pattern signal. For example, the processor may perform
a state machine function that sequentially compares the
non-acoustic signal and a predetermined sequence of energy
intervals to advance from an 1mitial state through one or more
intermediate states to a final state. The ASR trigger signal
can be generated by the processor 1n response to reaching the
final state. For example, when an energy peak of the
non-acoustic signal matches an energy interval correspond-
ing to the final state in the mput command pattern, the
processor may generate the ASR trigger signal as a binary
output.

The above summary does not include an exhaustive list of
all aspects of the present invention. It 1s contemplated that
the invention includes all systems and methods that can be
practiced from all suitable combinations of the various
aspects summarized above, as well as those disclosed in the
Detailed Description below and particularly pointed out 1n
the claims filed with the application. Such combinations
have particular advantages not specifically recited in the
above summary.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

FIG. 1 1s a pictorial view of an automatic speech recog-
nition (ASR) system having an earphone worn 1 an ear
canal of a user, 1n accordance with an embodiment.

FIG. 2 1s a block diagram of an ASR system having a
voice activity detector to generate a non-acoustic trigger
signal based on accelerometer data, in accordance with an
embodiment.

FIG. 3 1s a table representing a combination of acoustic
and non-acoustic triggers signals mapped to respective ASR
trigger signals, 1n accordance with an embodiment.

FIG. 4 1s a block diagram of an ASR system having a
volice activity detector to generate a non-acoustic trigger
signal based on microphone and accelerometer data, 1n
accordance with an embodiment.

FIGS. 5A-5C are block diagrams of an ASR system
having a partial key-phrase detector to power-on a voice
activity detector, 1n accordance with an embodiment.

FIG. 6 1s a flowchart of an ASR triggering method, 1n
accordance with an embodiment.

FIG. 7 1s a visual representation of acoustic and non-
acoustic signals representing acoustic and non-acoustic
vibrations, in accordance with an embodiment.

FIG. 8 15 a visual representation of a voice activity signal
based on a non-acoustic signal representing non-acoustic
vibrations, in accordance with an embodiment.
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FIG. 9 1s a block diagram of an ASR system having a
multi-channel triggering processor, 1 accordance with an

embodiment.

FIG. 10 1s a flowchart of an ASR triggering method, in
accordance with an embodiment.

FIG. 11 1s a block diagram of an ASR system having a
processor to generate an ASR trigger signal based on non-
acoustic signals, 1n accordance with an embodiment.

FIG. 12 1s a flowchart of an ASR triggering method, in
accordance with an embodiment.

FIG. 13 1s a visual representation of a non-acoustic signal
representing an mput command pattern made by a user, in
accordance with an embodiment.

FI1G. 14 1s a visual representation of a voice activity signal
based on a non-acoustic signal representing several seg-
ments of an mput command pattern, 1n accordance with an
embodiment.

FI1G. 15 1s a flowchart of a state machine algorithm having
several states corresponding to predetermined segments of
an mput command pattern, 1n accordance with an embodi-
ment.

FIG. 16 1s a visual representation of a voice activity signal
based on a non-acoustic signal representing an mput com-
mand pattern, and corresponding states, 1n accordance with
an embodiment.

FIG. 17 1s a block diagram of a computer portion of an
automatic triggering system, 1n accordance with an embodi-
ment.

DETAILED DESCRIPTION

Embodiments describe automatic speech recognition
(ASR) triggering systems, and methods of providing an ASR
trigger. The ASR triggering system may include an accel-
crometer mounted 1n an ear canal of a user, and a computer
system, such as a desktop computer, laptop computer, a
tablet computer, a mobile device, or a wearable computer.
The ASR triggering system may also include an accelerom-
cter mounted on headphones, frames of eyeglasses, helmets
or neckbands. The ASR triggering system may, however, be
incorporated into other applications, such as a medical
device, a motor vehicle, or an aircraft, to name only a few
possible applications.

In various embodiments, description 1s made with refer-
ence to the figures. However, certain embodiments may be
practiced without one or more of these specific details, or in
combination with other known methods and configurations.
In the following description, numerous specific details are
set forth, such as specific configurations, dimensions, and
processes, 1n order to provide a thorough understanding of
the embodiments. In other mstances, well-known processes
and manufacturing techniques have not been described 1n
particular detail in order to not unnecessarily obscure the
description. Reference throughout this specification to “one
embodiment,” “an embodiment,” or the like, means that a
particular feature, structure, configuration, or characteristic
described 1s included 1n at least one embodiment. Thus, the
appearance of the phrase “one embodiment,” “an embodi-
ment,” or the like, 1n various places throughout this speci-
fication are not necessarily referring to the same embodi-
ment. Furthermore, the particular {features, structures,
configurations, or characteristics may be combined in any
suitable manner 1 one or more embodiments.

The use of relative terms throughout the description may
denote a relative position or direction. For example, “over”
may indicate a first direction away from a reference point.
Similarly, “under” may indicate a location 1 a second
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direction orthogonal to the first direction. Such terms are
provided to establish relative frames of reference, however,
and are not intended to limit the use or orientation of an ASR
triggering system to a specific configuration described 1n the
various embodiments below.

In an aspect, an ASR triggering system and a method of
generating an ASR trigger signal uses non-acoustic data
generated by an accelerometer in an earphone or headset. A
wired or wireless (e.g., Bluetooth-enabled) headset can
include an embedded accelerometer that 1s mounted 1n an
car canal of a user or on a head of a user. The ASR triggering
system 1ncludes a processor to recerve a non-acoustic trigger
signal based on a non-acoustic signal generated by the
accelerometer, e.g., accelerometer data representing
mechanical vibrations transmitted to the headset via bone
conduction when the user speaks or hums. The processor can
also recerve an acoustic trigger signal, based on an acoustic
signal generated by a microphone of the ASR triggering
system, €.g., microphone data representing acoustic vibra-
tions of the sound from the user speaking or humming. The
processor can generate an ASR trigger signal based on a
comparison of the non-acoustic trigger signal and/or the
acoustic trigger signal. More particularly, the processor can
detect simultaneous acoustic and non-acoustic vibrations
generated during speech utterances to determine that the
user 1s actually the source of a key-phrase, and therefore, to
prevent false triggers of an ASR function.

In an aspect, an ASR triggering system provides an
alternative to tapping an earbud to trigger a voice assistant.
The ASR triggering system can include a processor to
receive a non-acoustic signal generated by an accelerometer.
The non-acoustic signal can represent an mput command
pattern by the user. For example, the user may produce a
predetermined sequence of hums or speak a predetermined
sequence of phonemes to trigger the voice assistant. The
hums or speech may be detected by an accelerometer, and
the accelerometer may generate a corresponding non-acous-
tic signal. The processor may compare the non-acoustic
signal to a predetermined sequence of energy intervals to
determine that the user i1s triggering the voice assistant.
When the non-acoustic signal 1s generated by the acceler-
ometer mounted 1n an ear canal of the user, 1t 1s known that
the user 1s actually the source of the trigger, and therefore,
false triggers are prevented.

Referring to FIG. 1, a pictorial view of an automatic
speech recognition (ASR) system having an earphone worn
in an ear canal of a user 1s shown 1n accordance with an
embodiment. An ASR triggering system 100 may include a
headset having an earphone 102. Earphone 102 may be
configured to be worn 1n an ear canal 104 of a user 106. For
example, earphone 102 may be an earbud. In an embodi-
ment, earphone 102 includes an electrical vibration sensing
clement. The vibration sensing element may be an inertial
sensor, such as an accelerometer 108. Accelerometer 108
may be integrated into a housing of earphone 102.

Accelerometer 108 may be sensitive to mechanical vibra-
tions, 1.e., non-acoustic vibrations 110, transmitted to ear
canal 104. More particularly, accelerometer 108 may mea-
sure acceleration of a proof mass (not shown) and output an
clectrical signal that 1s representative of the acceleration.
Accelerometer 108 may detect acceleration of the proof
mass along several axes. Thus, the electrical signal output by
accelerometer 108 may include a first electrical signal
representing acceleration of the prool mass along a first axis
and a second electrical signal representing acceleration of
the proof mass along a second axis. Accordingly, vibrations
transmitted to ear canal 104 may be detected by earphone
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102, and the electrical signal representing the detected
non-acoustic vibrations 110 may be communicated as an
analog electrical signal or a digital electrical signal to a
processor, €.g., in a mobile device 112, through either a
wired or a wireless connection.

In an embodiment, non-acoustic vibrations 110 detected
by accelerometer 108 1n ear canal 104 are transmitted to
carphone 102 from vocal cords of user 106 via bone con-
duction. For example, when user 106 speaks or makes a
hum, vibrations from the speech or humming resonate
through the skull of user 106. The vibrations, 1.e., bone
conduction vibrations, may be thus transmitted from the
vocal cords of user 106 to ear canal 104, and through an ear
canal 104 wall, to the earphone housing and accelerometer
108.

In an embodiment, ASR triggering system 100 may
turther include a microphone 114 to recerve acoustic vibra-
tions 116 emitted by the mouth and nostrils of user 106. For
example, when user 106 speaks or hums, sound may travel
through the air from the mouth and nostrils to microphone
114 of ASR triggering system 100. Microphone 114 may be
mounted 1n the headset 102, or in mobile device 112. For
example, the headset may be worn by user 106 with micro-
phone 114 located near user’s mouth such that the voice 1s
input to the microphone 114 for subsequent conversion into
an electrical acoustic signal. More particularly, microphone
114 can generate an acoustic signal representing acoustic
vibrations 116 produced by the mouth and nostrils of user
106 during speech or humming. The electrical voice signal
may be further processed to provide a voice-centric appli-
cation, such as telephony of mobile device 112, or used 1n
speech recognition functionality of ASR triggering system
100 or an ASR server.

ASR triggering system 100 can be communicatively
coupled to a primary ASR server (not shown) that performs
speech recognition functions on words spoken by user 106.
For example, the primary ASR server may be located
remotely and communicatively coupled to mobile device
112 to receive a payload of voice data generated by micro-
phone 114 1n response to user’s speech. Alternatively, the
primary ASR server may be located on mobile device 112 to
process the payload of voice data locally. Accordingly, ASR
triggering system 100 may detect acoustic and/or non-
acoustic mput commands by user 106 and provide a trigger
signal to the primary ASR system. The primary ASR server,
in response to the trigger signal, may perform speech
recognition functions on voice data received directly from
microphone 114 or via a commumication link with mobile
device 112.

In an embodiment, ASR triggering system 100 enhances
microphone-based key-phrase detectors, e.g., always-on-
processor (AOPs), by employing an accelerometer-mic
voice activity detector (VAD). The VAD can detect energy
of, or determine a cross-correlation value for, accelerometer
and/or microphone signals to generate a VAD signal repre-
senting a detection of simultaneous acoustic and non-acous-
tic activity. The VAD signal may be processed further and/or
combined with an output of a low-power AOP used for
key-phrase detection to gate a trigger signal of a voice
assistant. That 1s, the trigger signal may 1nitiate the primary
ASR server only when there 1s simultaneous detection of
acoustic and non-acoustic voice activity. Accordingly, false
triggers irom the AOP key-phrase detector may be pre-
vented, e.g., when bystanders speak the key-phrase within
range of microphone 114.

Referring to FIG. 2, a block diagram of an ASR triggering
system having a voice activity detector to generate a non-
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acoustic trigger signal based on accelerometer data 1s shown
in accordance with an embodiment. ASR triggering system
100 may be coupled to an ASR server 200. The ASR server
200 can also be replaced by an ASR engine running locally
on the connected device (e.g., a mobile phone, a tablet, or a
computer). ASR triggering system 100 may generate an
ASR trigger signal 202 to mitiate speech recognition func-
tions at ASR server 200. In an embodiment, the speech
recognition functions may be performed on a payload 204 of
voice data generated by microphone 114 of ASR triggering
system 100. Payload 204 may be sent from the microphone
114 directly to ASR server 200 and stored by ASR server
200. ASR server 200 may inmitiate speech recognition on
payload 204 1n response to receiving ASR trigger signal 202
from ASR triggering system 100.

ASR triggering system 100 can use electrical signals from
microphone 114 and accelerometer 108 to trigger ASR
server 200 1 a hands-free mode. Microphone 114 can
generate an acoustic signal 206 representing acoustic vibra-
tions 116 from the mouth and nostrils of user 106. The
acoustic vibrations 116 may correspond to a voice trigger,
1.e., a command from the user 106 to start the automatic
speech recognition processes. Similarly, accelerometer 108
can generate non-acoustic signals 208 representing bone
conduction vibrations transmitted from the vocal cords
through the skull of user 106. Acoustic signal 206 and
non-acoustic signal 208 may be sent to one or more detectors
of ASR triggering system 100.

ASR triggering system 100 may include an acoustic
detector 210 to recerve acoustic signal 206 from microphone
114. Acoustic detector 210 may be a key-phrase detector.
The key-phrase detector can include circuitry to perform a
special case of ASR 1 which a limited number of words,
¢.g., one to five words, are recognized. Any other sounds
may not register at acoustic detector 210. Thus, acoustic
detector 210 may have a much smaller vocabulary than ASR
server 200.

In an embodiment, acoustic detector 210 receives acoustic
signal 206 and generates an acoustic trigger signal 212 based
on acoustic signal 206. For example, when acoustic detector
210 1dentifies the key-phrase that 1t 1s trained to recognize,
a binary output may be generated. That 1s, acoustic trigger
signal 212 may be a high digital signal when acoustic signal
206 matches an energy signature of the key-phrase, 1.e., a
predetermined key-phrase signal, and acoustic trigger signal
212 may be a low digital signal when acoustic signal 206
does not match the predetermined key-phrase signal. The
binary acoustic trigger signal 212 may be sent to a processor
214 of ASR triggering system 100. Processor 214 may store
acoustic trigger signal 212 to gate the trigger signal based on
information recerved from another detector of ASR trigger-
ing system 100.

ASR triggering system 100 may include a voice activity
detector (VAD) 216 to receive non-acoustic signal 208. In an
embodiment, non-acoustic signal 208 includes an acceler-
ometer signal from accelerometer 108. The accelerometer
signal 208 may include several sub-signals that are commu-
nicated to VAD 216. For example, accelerometer 108 may
detect bone conduction vibration along at least two axes, and
non-acoustic signal 208 may include a first axis signal 218
representing vibration along a first axis and a second axis
signal 220 representing vibration along a second axis. Non-
acoustic signal 208 may be processed by VAD 216 to detect
voice activity of the user 106.

In an embodiment, VAD 216 generates a VAD signal 222
based on non-acoustic signal 208. More particularly, VAD
216 may generate VAD signal 222 based on an energy or a
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cross-correlation of non-acoustic signal 208. For example,
VAD 216 may cross-correlate first axis signal 218 and
second axis signal 220 to generate a cross-correlation value,
and VAD signal 222 may be based on the cross-correlation
value. In such cases, VAD signal 222 may be referred to as
a cross-correlation signal. Cross-correlation of the sub-
signals of non-acoustic signal 208 may provide a more
robust and reliable detection of speech. Vibrations generated
by speech generally exist along different axes, and thus, by
cross-correlating the signals representing the diflerent vibra-
tions 1t can be determined that non-acoustic signal 208 1s
actually representative of a voice and not, e.g., oscillations
forced by a vehicle that the user 1s traveling . It will be
appreciated, however, that cross-correlation 1s not necessary,
and 1n an embodiment, VAD 216 generates an output signal
based on the energy in a non-acoustic mput signal repre-
senting vibrations along a single axis. In such cases, VAD
signal 222 may be referred to as a single-axis voice activity
signal.

VAD 216 can generate VAD signal 222 as a binary output.
That 1s, VAD signal 222 may be a high digital signal when
a cross-correlation value calculated by VAD 216 1s higher
than a predetermined correlation threshold. For example, the
predetermined correlation threshold can be 0.5, indicating,
that an amplitude of vibrations along the first axis are at least
within a 50% difference of an amplitude of vibrations along
the second axis. When the calculated cross-correlation value
1s higher than 0.5 1n this example, VAD signal 222 may be
output as a high binary output. When the calculated cross-
correlation value 1s lower than 0.5 1n this example, VAD
signal 222 may be output as a low binary output.

Circuitry of ASR triggering system 100 may generate a
non-acoustic trigger signal 224 based on VAD signal 222.
For example, non-acoustic trigger signal 224 may be a
binary signal based on VAD signal 222. VAD 216 may
generate the non-acoustic trigger signal 224 as a high digital
signal when VAD signal 222 1s a high digital signal, 1.e.,
when the cross-correlation value 1s above the predetermined
correlation threshold. Alternatively, VAD 216 may generate
the non-acoustic trigger signal 224 based on an average of
VAD signal 222 over time. Thus, during a time frame when
the cross-correlation value 1s mostly above the predeter-
mined correlation threshold, e.g., when the user 106 1s
speaking, VAD signal 222 and non-acoustic trigger signal
224 may be a high digital signal. Similarly, during a time-
frame when the user 106 1s not speaking, VAD signal 222
and non-acoustic trigger signal 224 may be a low digital
signal. The binary non-acoustic trigger signal 224 may be
sent to processor 214 of ASR triggering system 100. Pro-
cessor 214 may store non-acoustic trigger signal 224 to gate
acoustic trigger signal 212 as described below.

Additional processing of VAD signal 222 may be per-
formed by circuitry of ASR triggering system 100 to gen-
erate non-acoustic trigger signal 224. In an embodiment,
ASR triggering system 100 includes a pattern detector 226
to detect a match between VAD signal 222 and a predeter-
mined sequence of energy intervals. For example, the key-
phrase used as a voice trigger may have an energy signature.
The energy signature can include periods of high and low
energy, €.g., during moments when a word 1s spoken and
moments between words of the key-phrase. This predeter-
mined sequence of energy intervals can be compared to
VAD signal 222 by pattern detector 226. When pattern
detector 226 determines a match between the key-phrase
sequence and VAD signal 222, non-acoustic trigger signal
224 may be generated as a high digital signal and sent to
processor 214. Non-acoustic trigger signal 224 may be
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generated by VAD 216 or pattern detector 226. For example,
pattern detector 226 may be integral to VAD 216, and thus,
VAD 216 may generate non-acoustic trigger signal 224 in
response to the match between VAD signal 222 and the
predetermined sequence ol energy intervals.

Processor 214 can receive acoustic trigger signal 212 and
non-acoustic trigger signal 224. In an embodiment, proces-
sor 214 generates ASR trigger signal 202 based on a
combination of acoustic trigger signal 212 and non-acoustic
trigger signal 224. For example, processor 214 may perform
a logical function on the binary mputs of acoustic trigger
signal 212 and non-acoustic trigger signal 224 to determine
a trigger output.

Referring to FIG. 3, a table representing a combination of
acoustic and non-acoustic triggers signals mapped to respec-
tive ASR trigger signals 1s shown in accordance with an
embodiment. The table illustrates that acoustic trigger signal
212 and non-acoustic trigger signal 224 may have corre-
sponding high or low digital signals (O or 1 binary signals)
depending on an event. A combination 302 of the trigger
signals can be an output of an AND gate implemented by
processor 214. The combination 302 may correspond to
ASR trigger signal 202 sent by ASR triggering system 100
to the primary ASR server 200, and may be a high or low
digital signal. Thus, processor 214 may generate ASR trig-
ger signal 202 (or may output ASR trigger signal 202 as a
binary “1” output) when acoustic trigger signal 212 and
non-acoustic trigger signal 224 are simultaneously high
digital signals. Similarly, when one or more acoustic trigger
signal 212 or non-acoustic trigger signal 224 are low digital
signals, processor 214 may not generate ASR trigger signal
202 (or may output ASR trigger signal 202 as a binary “0”
output).

Exemplary events 1n which either acoustic trigger signal
212 or non-acoustic trigger signal 224 are low binary signals
include moments of silence (acoustic trigger signal 212 low
and non-acoustic trigger signal 224 low), moments when a
bystander speaks the key-phrase while user 106 1s not
talking (acoustic trigger signal 212 high and non-acoustic
trigger signal 224 low), and moments when user 106 utters
a phrase similar to the key-phrase but not exactly the
key-phrase (acoustic trigger signal 212 low and non-acoustic
trigger signal 224 high). In these events, the primary ASR
system 1s not triggered to begin speech recognition. By
contrast, an exemplary event 1n which both acoustic trigger
signal 212 and non-acoustic trigger signal 224 are high
binary signals include a moment when user 106 speaks the
key-phrase (acoustic trigger signal 212 high and non-acous-
tic trigger signal 224 high). In this event, the primary ASR
server 200 1s triggered to begin speech recognition on the
payload 204 received from microphone 114.

Processor 214 may perform more complex logical opera-
tions or algorithms on acoustic trigger signal 212 and
non-acoustic trigger signal 224 to determine whether to
generate ASR trigger signal 202. For example, 1n an embodi-
ment, acoustic trigger signal 212 and non-acoustic trigger
signal 224 may include patterns. That 1s, the trigger signals
may be analog signals or may be digital signals having a
particular sequence corresponding to a spoken key-phrase.
Processor 214 may perform pattern matching on the signa-
tures of the signals or the sequence of the signals to
determine whether acoustic trigger signal 212 coincides with
non-acoustic trigger signal 224. Coincidence of the trigger
signals can indicate that signals from microphone 114 and
accelerometer 108 are being asserted similarly and simul-
taneously, and thus, processor 214 may trigger ASR server
200 to begin speech recognition on payload 204.
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ASR triggering system 100 shown in FIG. 2 represents an
embodiment of a system to gate or match an output of a
key-phrase detector with an output of a VAD and/or a pattern
detector. The embodiment 1s not limiting, however. Other
embodiments of ASR triggering system 100 are contem-
plated. For example, ASR triggering system 100 may
include VAD 216 that cross-correlates acoustic data from
microphone 114 and non-acoustic data from accelerometer
108 to detect voice activity, as described below with respect
to FIG. 4.

Referring to FIG. 4, a block diagram of an ASR triggering
system having a voice activity detector to generate a non-
acoustic trigger signal based on microphone and accelerom-
cter data 1s shown 1n accordance with an embodiment. ASR
triggering system 100 may include VAD 216 to cross-
correlate signals from microphone 114 and accelerometer
108. The cross-correlated acoustic and non-acoustic signals
may drive a gating signal used by processor 214 to deter-
mine whether to trigger ASR server 200. In an embodiment,
VAD 216 receives acoustic signal 206 from microphone 114
and non-acoustic signal 208 from accelerometer 108. VAD
216 can cross-correlate acoustic signal 206 and non-acoustic
signal 208 to generate VAD signal 222. VAD signal 222 can
be based on the calculated cross-correlation values as
described above. Acoustic signal 206 and non-acoustic
signal 208 may have different characteristics, e.g., may be
scaled diflerently or may have different energy bandwidths,
and thus, the signals may be conditioned as needed to
generate the cross-correlation values or VAD signal 222.
ASR triggering system 100 can optionally include pattern
detector 226 to further process VAD signal 222 as described
above. Processor 214 may receive non-acoustic trigger sig-
nal 224 based on VAD signal 222 generated by cross-
correlation of acoustic and non-acoustic signals. Processor
214 may gate or pattern match acoustic trigger signal 212
received Irom acoustic detector 210 to generate ASR trigger
signal 202 accordingly.

ASR triggering system 100 may include circuitry to save
battery power by limiting operation of accelerometer as
needed. For example, accelerometer 108 and/or VAD 216
may be 1n a sleep or off state, and may be awakened to detect
non-acoustic vibrations only when microphone 114 senses a
partial key-phrase. ASR triggering system 100 incorporating

such power-saving configurations are described below with
respect to FIGS. SA-5C.

Referring to FIG. SA, a block diagram of an ASR trig-
gering system having a partial key-phrase detector to power-
on a voice activity detector 1s shown 1n accordance with an
embodiment. ASR triggering system 100 may include a
separate key-phrase detector running to detect a portion of
the key-phrase spoken by user. For example, the key-phrase
can include several words, and the separate key-phrase
detector may detect only a first word or syllable of the
key-phrase, and trigger a tlag once the first word or syllable
1s detected. The flag can be used to power-on accelerometer
108 and accelerometer processing, €.g., processing by VAD
216, to begin generating and detecting non-acoustic signal
208 representing the remaining portion of the key-phrase.

In an embodiment, ASR triggering system 100 includes
second acoustic detector 502 to recerve acoustic signal 206
from microphone 114. Second acoustic detector 502 may
perform pattern matching of acoustic signal 206 on a pre-
determined energy signature. More particularly, the prede-
termined energy signature may correspond to a partial
key-phrase, such as the word “Hey.” The partial key-phrase
may be referred to as a power-on portion of the key-phrase
because the partial phrase 1s a trigger command to power-on
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accelerometer 108. Second acoustic detector 502 may gen-
erate a power-on signal 504 in response to detecting the
power-on portion of the predetermined key-phrase signal.
ASR triggering system 100 may include an accelerometer
subsystem 506 including accelerometer 108, VAD 216, and
optionally, pattern detector 226. Accelerometer subsystem
506 may receive power-on signal 504 and accelerometer 108
may turn on in response to the signal. Accelerometer 108 can
be powered on nearly instantaneously, e.g., within 10-20 ms,
and non-acoustic signal 208 can be generated by acceler-
ometer 108 1n response to receiving power-on signal 504
from second acoustic detector 502.

VAD 216 may cross-correlate acoustic signal 206 and/or
non-acoustic signal 208 to generate VAD signal 222 and
ultimately non-acoustic trigger signal 224 based on the
remaining portion of the key-phrase. Processor 214 may
receive non-acoustic trigger signal 224 and acoustic trigger
signal 212 to generate ASR trigger signal 202 as described
above. Thus, processor 214 may gate key-phrase detection
of an entire key phrase performed by acoustic detector 210
with a partial phrase detection performed by accelerometer
subsystem 506. The partial phrase detection can be per-
formed when accelerometer subsystem 306 1s awakened by
second acoustic detector 502. Battery power may be saved
because the gating signal may not be provided by acceler-
ometer subsystem 506 all the time, but rather, accelerometer
subsystem 506 may be turned on only when needed for
key-phrase confirmation.

Retferring to FIG. 5B, a block diagram of an ASR trig-
gering system 100 having a partial key-phrase detector to
power-on a voice activity detector 1s shown 1n accordance
with an embodiment. In an embodiment, acoustic detector
210 and second acoustic detector 502, which are shown as
being separate in FIG. SA, are imtegrated mnto a single
key-phrase detector. The key-phrase detector can receive
acoustic signal 206 from microphone 114 and perform
partial and full phrase detection on the received voice data.
The key-phrase detector can output acoustic trigger signal
212 based on the full phrase detection. The key-phrase
detector can output power-on signal 504 based on the partial
phrase detection. Power-on signal 504 can activate acceler-
ometer subsystem 506 to process acoustic and/or non-
acoustic signals 208 to generate non-acoustic trigger signal
224 as described above.

Referring to FIG. 5C, a block diagram of an ASR trig-
gering system 100 having a partial key-phrase detector to
power-on a voice activity detector 1s shown 1n accordance
with an embodiment. ASR triggering system 100 includes
several components that may be incorporated 1nto any of the
other device configurations described herein. For example,
signal conditioning components may be incorporated in
ASR triggering system 100. In an embodiment, acoustic
signal 206 generated by microphone 114 or non-acoustic
signal 208 generated by accelerometer 108 may be pro-
cessed prior to receipt by a respective detector. Acoustic
signal 206 may be passed through an acoustic amplifier 510
to generate acoustic signal 206a¢ having a gain, e.g., of 20
dB, as compared to acoustic signal 206. Similarly, non-
acoustic signal 208 may be passed through a non-acoustic
amplifier 512 to generate a non-acoustic signal 208a having
a gain as compared to non-acoustic signal 208. Additional
signal conditioning can include filtering acoustic signal 206
or non-acoustic signal 208. For example, non-acoustic signal
208a can be passed through a filter 514 to generate non-
acoustic signal 2085 having filtered frequencies as compared
to non-acoustic signal 208a. Filter 514 may be a high-pass
filter or a band-pass filter, to pass a predetermined range of
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frequencies and reject other frequencies. Accordingly,
acoustic detector 210 and VAD 216 may receive raw signals
or conditioned signals from respective transducer compo-
nents i any of the embodiments described herein.

As described above, acoustic detector 210 can include one
or more key-phrase detectors, e.g., a full key-phrase detector
and a partial key-phrase detector to generate signals 1n
response to acoustic signal 206 (or 206a). When acoustic
detector 210 detects a partial key-phrase utterance, power-on
signal 5304 can be generated to mnitiate accelerometer sub-
system 306. Accelerometer subsystem 506 may begin gen-
erating accelerometer data and processing the accelerometer
data. For example, VAD 216 can receive non-acoustic signal
208 and process the signal to determine whether the user 1s
the source of acoustic signal 206a received by acoustic
detector 210.

In an embodiment, VAD 216 generates a voice activity
signal based on non-acoustic signal 2086. VAD 216 can
calculate VAD signal 222 as a binary output over a series of
frames based on whether an energy of the input non-acoustic
signal 2085 1s above a predetermined threshold. For
example, the received non-acoustic signal 2085 can be
received over a period of several seconds, and the signal can
be split into frames of, e.g., 20 ms. Each frame can have a
corresponding energy signal output 222 as a high digital
signal or a low digital signal, depending on whether the
calculated energy value 1s higher than a predetermined
threshold value or lower than a predetermined threshold
value. When an average energy value over a frame duration
1s higher than the predetermined threshold, VAD signal 222
may be a high digital signal. By contrast, when the average
energy value over the frame duration i1s lower than the
predetermined threshold, VAD signal 222 may be a low
digital signal. Accordingly, when accelerometer subsystem
506 1s active, VAD 216 may output VAD signal 222 as a
continuous series ol high and low digital signals as a bit
stream corresponding to frames of a given duration.

In an embodiment, ASR triggering system 100 includes a
vibration probability unit (VPU) 516 to compute a probabil-
ity measure that may be used as a gating signal for triggering
speech recognition functions. VPU 516 may determine the
probability measure based on a relationship between VAD
signal 222 received from VAD 216 and one or more key-
phrase flag signals receirved from acoustic detectors 210 and
502.

Acoustic detector 210 can output a partial key-phrase tlag
signal 518 when acoustic signal 206a matches a predeter-
mined key-phrase portion. Partial key-phrase flag signal 518
may be the same as, or diflerent than, power-on signal 504.
For example, partial key-phrase tlag signal 518 and power-
on signal 504 may be simultaneously generated 1n response
to a partial key-phrase utterance, however, partial key-
phrase flag signal 518 may include information correspond-
ing to a trigger time, €.g., a timestamp for the moment when
the partial-key phrase utterance was completed. Accord-
ingly, VPU 516 may determine, from partial key-phrase flag
signal 518, a first time at which second acoustic detector 502
detected the partial key-phrase utterance.

VPU 516 may determine a time at which acoustic detector
210 detected a full key-phrase uftterance. For example,
acoustic detector 210 may generate full key-phrase flag
signal 520 when acoustic signal 206a matches a predeter-
mined key-phrase. Full key-phrase flag signal 520 may
include information corresponding to a trigger time, €.g., a
timestamp for the moment when the full key-phrase utter-
ance was completed. Accordingly, VPU 516 may determine
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from full key-phrase flag signal 520 a second time at which
acoustic detector 210 detected the full key-phrase utterance.

In an embodiment, VPU 516 can compute a number of
frames of VAD signal 222 received between the generation
(or receipt) of partial key-phrase flag signal 518 and full
key-phrase tlag signal 520. By way of example, when full
key-phrase flag signal 520 1s generated 1 second after partial
key-phrase flag signal 518, and VAD 216 generates VAD
signal 222 as a bit stream having frame durations of 20 ms,
VPU 516 can compute that 50 frames of VAD signal data
222 are received between completion of the partial key-
phrase utterance and the full key-phrase utterance.

VPU 516 may generate non-acoustic trigger signal 224 as
a probability value based on the calculated frames received
between partial key-phrase flag signal 518 and full key-
phrase flag signal 520. The probability value may be retferred
to as a vibration probability value because it 1s a value
defining a likelihood that the key-phrase utterance was made
by the user wearing accelerometer 108. VPU 516 may
compute the vibration probability value by dividing a num-
ber of frames of VAD signal 222 having high binary values
between the partial key-phrase utterance and the full key-
phrase utterance by a total number of frames between the
partial key-phrase detection flag and the full key-phrase
detection flag. Based on the above example, VPU 516
calculated that 50 total frames existed between flag signals
518 and 520. VPU 516 can detect a number of frames over
that time that were high digital signals, 1.e., when the VAD
signal 222 value was high based on whether an energy of the
input non-acoustic signal 2085 was above the predetermined
threshold. By way of example, VPU 516 may determine that
45 frames ol VAD signal 222 recerved from VAD 216
between tlag signals 518 and 520 were high binary output
values. Based on this example, VPU 516 may calculate
non-acoustic trigger signal 224 as a vibration probability
value of 0.90, corresponding to a 90% likelihood that the
utterance was made by the user. When the vibration prob-
ability value 1s close to 1.0, it 1s very likely that the user
uttered the key-phrase, and not a bystander.

Processor 214 may receive acoustic trigger signal 212
from acoustic detector 210 and non-acoustic trigger signal
224 from VPU 516. Acoustic trigger signal 212 may be the
same or different than full key-phrase flag signal 520. For
example, the signals may be simultaneously generated but
carry different information. In an embodiment, processor
214 generates ASR trigger signal 202 1n response to the
vibration probability value being above a predetermined
threshold probability value. Processor 214 can determine,
based on acoustic trigger signal 212, that a full key-phrase
utterance has been detected. Processor 214 can compare
non-acoustic trigger signal 224 to a predetermined threshold
probability value. For example, processor 214 may deter-
mine that ASR trigger signal 202 1s warranted when VPU
516 calculates that there 1s at least a 30% likelihood that the
key-phrase utterance was made by the user. In the example
above, processor 214 can determine that the calculated value
of 0.90 1s higher than the threshold value of 0.30, and thus,
processor 214 may generate ASR trigger signal 202 in
response to acoustic trigger signal 212 gated by non-acoustic
trigger signal 224.

ASR triggering system 100 may gate payload 204. Pay-
load 204 can be sent directly to ASR server 200 as described
above, however, payload 204 may 1instead pass through
processor 204 and be sent to ASR server 200 only when ASR
trigger signal 202 i1s output. In an embodiment, ASR trig-
gering system 100 includes an audio bufler 330 to butler
voice data generated by microphone 114. For example,
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acoustic data 206a may pass through audio buflier 530,
which buflers several seconds, e.g., 2 seconds, of audio data
and passes the audio data as payload 204 to processor 214.
Processor 214 can pass payload 204 to ASR server 200 when
the vibration probability value 1s higher than the predeter-
mined threshold, 1.e., when ASR trigger signal 202 1s output.
As described above, ASR server 200 may reside on mobile
device 112 or be remotely located from the user.

It will be recognized that, in some instances, a partial
key-phrase flag signal 518 may not be followed by a full
key-phrase flag signal 520 within a predetermined amount of
time. For example, the user may speak the partial key-phrase
“Hey S (a portion of the key-phrase “Hey Ski1”), and follow
the partial phrase by “teve” rather than “ir1.” The partial
key-phrase utterance may cause second acoustic detector
502 to generate partial key-phrase flag signal 518, and the
tull utterance that does not match the full key-phrase may
not cause acoustic detector 210 to generate full key-phrase
flag signal 520. VPU 516 can receive flag signal 518 and not
flag signal 520 within a predetermined time period, e.g., 1
second. When the predetermined time period has passed, 11
the flag signal 520 that 1s requisite to a determination of the
vibration probability value 1s not received by VPU 516,
accelerometer subsystem 306 may be deactivated and VPU
516 can be reset. Accordingly, power may be saved by
discontinuing the determination or output of non-acoustic
signal 224 when no key phrase signal 1s forthcoming.

Referring to FIG. 6, a flowchart of an ASR triggering,
method 1s shown 1n accordance with an embodiment. At
operation 602, acoustic signal 206 1s generated by micro-
phone 114 representing acoustic vibration 116. At operation
604, non-acoustic signal 208 1s generated by accelerometer
108 representing bone conduction vibration. Referring to
FIG. 7, a visual representation of acoustic and non-acoustic
signals 1s shown in accordance with an embodiment. The
upper plot may represent a time domain signal of micro-
phone 114. Acoustic signal 206 can have a waveform that
varies when sound 1s received by microphone 114. For
example, the bundles of energy peaks can occur when
microphone 114 detects words spoken by user 106. Simi-
larly, the lower plot may represent a time domain signal of
accelerometer 108. Non-acoustic signal 208 can have a
wavelorm that varies when bone conduction vibrations are
received by accelerometer 108. For example, the bundles of
energy peaks can occur when accelerometer 108 detects
mechanical vibrations corresponding to words spoken by
user 106.

At operation 606, acoustic trigger signal 212 1s generated
by acoustic detector 210 based on acoustic signal 206.
Referring to FIG. 7, acoustic detector 210 can detect a partial
or full key-phrase spoken by user 106. For example, acoustic
detector 210 can detect a key-phrase portion 702 of the
acoustic wavelorm. Key-phrase portion 702 can include the
portion of the wavelorm that has a predetermined energy
signature, 1.e., the predetermined key-phrase signal. When
acoustic detector 210 detects the predetermined key-phrase
signal, acoustic trigger signal 212 can be sent to processor
214. Acoustic trigger signal 212 can be a binary output, e.g.,
a high digital signal.

Acoustic detector 210 (or second acoustic detector 502)
can optionally detect a power-on portion 704 of the acoustic
wavelorm. The power-on portion 704 can include the por-
tion of the predetermined key-phrase signal that corresponds
to, e.g., a first word or a first syllable of the full key-phrase.
Detection of the power-on portion 704 can trigger the
transmission of power-on signal 504 to accelerometer sub-
system 3506.
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At operation 608, the activated accelerometer subsystem
506 can generate a non-acoustic trigger signal 224 based on
non-acoustic signal 208. Referring to FIG. 8, a wvisual
representation of a VAD signal 222 based on non-acoustic
signal 208 1s shown in accordance with an embodiment.
Voice activity values can be plotted against time. More
particularly, voice activity values can represent an energy of
an accelerometer axis signal above a given threshold, or a
cross-correlation of several, e.g., two, accelerometer axis
signals or a cross-correlation of microphone and accelerom-
cter signals plotted against time. The cross-correlation val-
ues can be normalized between —1 and 1, representing direct
and inverse correlations between the 1nput signals.

In an embodiment, VAD signal 222 can be a high digital
signal when cross-correlation values are above a predeter-
mined value, and VAD signal 222 can be a low digital signal
when cross-correlation values are below the predetermined
value. As shown 1n FIG. 8 by way of example, VAD signal
222 1s high when cross-correlation values 802 are above
0.45, and VAD signal 222 1s low when cross-correlation
values 802 are below 0.45. The high and low levels of VAD
signal 222 can be passed directly to processor 214 or
processed further, e.g., by detecting patterns 1n VAD signal
222 by pattern detector 226.

At operation 610, ASR trigger signal 202 1s generated
based on a combination of acoustic trigger signal 212 and
non-acoustic trigger signal 224. Processor 214 receives
acoustic trigger signal 212 from acoustic detector 210 and
non-acoustic trigger signal 224 from VAD 216 and/or pat-
tern detector 226. Processor 214 can perform logical func-
tions on the received trigger signals. For example, processor
214 can compare the trigger signals to determine whether
microphone and accelerometer signals are being simultane-
ously asserted. Processor 214 can generate ASR trigger
signal 202 based on the combination to begin speech rec-
ognition at ASR server 200.

Referring to FIG. 9, a block diagram of an ASR triggering
system having a multi-channel triggering processor 1s shown
in accordance with an embodiment. ASR triggering system
100 may generate ASR trigger signal 202 based on an
implicit combination of acoustic and non-acoustic signals
within processor 214, rather than using explicit logical
combinations as described above. In an embodiment, micro-
phone 114 generates acoustic signal 206 representing acous-
tic vibration 116, and accelerometer 108 generates non-
acoustic signal 208 representing bone conduction vibrations.
ASR triggering system 100 may include processor 214
having several channels to receive acoustic signal 206 and
non-acoustic signal 208 directly from microphone 114 and
accelerometer 108. For example, processor 214 may include
an acoustic channel 902 to receive acoustic signal 206, and
a non-acoustic channel 904 to receive non-acoustic signal
208. Processor 214 may be a key-phrase detector to receive
both mput signals as raw signals and perform signal pattern
detection on both signals.

In an embodiment, the multi-channel key-phrase detector
(processor 214) can be trained to look for energy patterns
within different energy bandwidths on each channel. Acous-
tic signal 206 may have a higher energy bandwidth than
non-acoustic signal 208, and thus, the energy patterns on
acoustic channel 902 can have a higher energy bandwidth
than the energy patterns on non-acoustic channel 904. By
way ol example, accelerometer 108 may detect mechanical
vibrations that generally have frequencies below 1 kHz due
to damping by body tissue of user 106. By contrast, micro-
phone 114 may detect acoustic vibrations 116 that generally
have frequencies up to 10-15 kHz. Accordingly, non-acous-
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tic signal 208 mput to non-acoustic channel 904 may have
an energy bandwidth less than 1 kHz, and acoustic signal
206 mput to acoustic channel 902 may have an energy
bandwidth more than 1 kHz.

Processor 214 may monitor both acoustic channel 902 and 5
non-acoustic channel 904 to determine a coincidence of
acoustic signal 206 and non-acoustic signal 208. In an
embodiment, processor 214 may detect a predetermined
key-phrase signal in both acoustic signal 206 and non-
acoustic signal 208. Processor 214 can be trained using 10
computational models, e.g., a neural network, to detect the
spoken key-phrase 1n both signals. When the key-phrase 1s
simultaneously detected 1n both signals, processor 214 can
generate ASR trigger signal 202. That 1s, processor 214 can
generate ASR trigger signal 202 when acoustic signal 206 15
matches non-acoustic signal 208. Processor 214 may deter-
mine that acoustic signal 206 matches non-acoustic signal
208 when acoustic signal 206 and non-acoustic signal 208
simultaneously match a predetermined key-phrase signal.
ASR trigger signal 202 may be a binary output, as described 20
above. Thus, processor 214 can combine acoustic signal 206
and non-acoustic signal 208 implicitly to trigger ASR server
200.

Referring to FIG. 10, a flowchart of an ASR triggering
method 1s shown 1n accordance with an embodiment. At 25
operation 1002, acoustic signal 206 1s generated represent-
ing acoustic vibration 116. Acoustic signal 206 can be 1nput
to acoustic channel 902 of processor 214, which can be a
multi-channel key-phrase detector. At operation 612, non-
acoustic signal 208 1s generated representing bone conduc- 30
tion vibrations. Non-acoustic signal 208 can be input to
non-acoustic channel 904 of the multi-channel key-phrase
detector. At operation 1006, ASR trigger signal 202 1is
generated based on a combination and/or comparison of
acoustic trigger signal 212 and non-acoustic trigger signal 35
224. The trigger signals may be compared to each other, or
compared to a predetermined key-phrase signal, to detect a
comcidence of the key-phrase vibrations detected acousti-
cally and non-acoustically. When the simultaneous assertion
ol the key-phrase by microphone 114 and accelerometer 108 40
1s detected, ASR trigger signal 202 can be generated and sent
to 1nitiate speech recognition of payload 204 at ASR server
200.

In an embodiment, a specific non-acoustic pattern, e.g., a
pattern of non-acoustic vibrations 110 from spoken pho- 45
nemes or hums, 1s automatically detected and used to trigger
the primary ASR system. For example, the accelerometer
108 signal may be monitored to determine a presence of a
predetermined hum pattern, e.g., short-hum, short-hum,
long-hum. Similarly, the accelerometer signal may be moni- 50
tored to determine a presence ol a predetermined utterance
pattern, e.g., the syllables ‘ti-ti-ta’ or the words “sixty five.”
The accelerometer signal may be cross-correlated as
described above. When the predetermined hum or utterance
pattern 1s detected, the primary ASR system may be trig- 55
gered to 1mitiate speech recognition on a payload of voice
data.

Referring to FIG. 11, a block diagram of an ASR trigger-
ing system having a processor to generate an ASR trigger
signal based on non-acoustic signals 1s shown 1n accordance 60
with an embodiment. ASR ftriggering system 100 can
include accelerometer 108. Accelerometer 108 can generate
non-acoustic signal 208 representing physical vibrations
along at least one axis. For example, non-acoustic signal 208
may 1nclude first axis signal 218 and second axis signal 220, 65
as described above. In an embodiment, non-acoustic signal
208 corresponds to an input command pattern made by user

16

106. More particularly, when user 106 makes a hum, vibra-
tions from the humming resonate through the skull of the
user 106. The vibrations, 1.e., bone conduction vibrations,
may be thus transmitted from the vocal cords of user 106 to
car canal 104, and through an ear canal 104 wall, to the
carphone housing and accelerometer 108. Hum may be
distinguished from a verbal sound, i.e., normal speech, of
user 106. For example, hum may include a wordless tone
generated by vibrations of the vocal cords. More particu-
larly, the wordless tone may be a sound forced to emerge
from the nose of user 106. As described below, such sounds
differ from verbal sounds at least 1n part because hum 1s
monotone or includes slightly varying tones. Therefore,
humming may be less susceptible to distortion by ambient
noise or differences in user vocalization as compared to
verbal sounds because the sensed vibrations are transmitted
directly through tissue of the user 106.

ASR triggering system 100 may include processor 214 to
receive non-acoustic signal 208 and to generate ASR trigger
signal 202 based on non-acoustic signal 208. For example,
processor 214 may compare non-acoustic signal 208 to a
predetermined sequence of energy intervals. The compari-
son may rely on a direct comparison of energy levels, and
thus, ASR triggering system 100 may not include a key-
phrase detector. Rather, ASR triggering system 100 may
detect a specific hum pattern on the accelerometer
channel(s) that match a predetermined hum pattern used as
a trigger command.

In an embodiment, processor 214 cross-correlates accel-
crometer data and compares the cross-correlation value to
the predetermined sequence of energy intervals. When the
non-acoustic signal 208 matches the predetermined
sequence ol energy intervals, processor 214 can generate
ASR trigger signal 202 to start speech recognition at ASR
server 200. Speech recognition may be performed on pay-
load 204 received directly from microphone 114 at ASR
server 200. That 1s, microphone 114 may generate voice data
that 1s processed by ASR server 200 1n response to a trigger
generated based on non-voice data.

Retferring to FIG. 12, a flowchart of an ASR triggering
method 1s shown in accordance with an embodiment. At
operation 1202, non-acoustic signal 208 representing an
input command pattern made by a user, e.g., a sequence of
hums, 1s generated. The sequence of hums can be a hum
pattern, 1.e., a pattern of two or more hums. In an embodi-
ment, the hum pattern includes at least one hum of a
predetermined duration, e.g., one long hum. The more
complex the hum pattern, 1.e., the more discrete hums 1n the
pattern, the more robust the mnput command pattern may be,
and the less likely 1t 1s that ASR triggering system 100 will
generate a false trigger.

Referring to FIG. 13, a visual representation of a non-
acoustic signal representing an input command pattern made
by a user 1s shown in accordance with an embodiment.
Non-acoustic signal 208 can include an mput command
pattern 1302 containing one or more hums represented by a
spectrogram, which includes the respective fundamental
frequencies of each hum plotted against time. The spectra of
fundamental vocal cord vibration for humming is usually
above about 80 Hz for males, above 160 Hz for females, and
even higher for children. That 1s, a predominant fundamental
tone ol each hum may have strong harmonics up to about 1
kHz 1n the accelerometer signal from ear canal 104. Accord-
ingly, ASR triggering system 100 may detect input signals
from accelerometer 108 corresponding to bone conducted
vibrations having frequencies less than 1 kHz. Such a
detection cutofl may provide good detectability for hum-
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ming, however, the cutofl may be too low to detect the full
range ol vibrations inherent 1n a voice. For example, har-
monics having frequencies above 1 kHz may be common for
a voice. Accordingly, non-verbal input commands from user
106 may be effectively detected by ASR triggering system
100 using less signal processing bandwidth than may be
required for acoustic voice detection.

Notably, the spectrogram of accelerometer signals corre-
sponding to humming may also differ from the spectrogram
of accelerometer signals corresponding to speech in that
cach hum may have a respective frequency that remains
constant over a duration of the hum. More particularly,
whereas each word of a voice includes phonemes having
different predominant frequencies that change over an entire
duration of the word, each hum may have a respective tone
with a predominant {frequency that remains more constant
over the entire duration of the hum.

Still referring to FIG. 13, input command pattern 1302 by
user 106 may be detected by accelerometer 108 and mput to
processor 214 as first axis signal 218 and second axis signal
220. First axis signal 218 can include an mmput command
pattern 1302 having different segments corresponding to
individual hums in the pattern. For example, input command
pattern 1302 may include one or more short segments 1304
corresponding to short hums (two 1n the illustrated case) and
one or more long segments 1306 corresponding to long
hums (one 1n the illustrated case). In an embodiment, the
respective durations of each hum may be determined by
comparison. For example, long segments 1306 of long hums
may be longer than short segments 1304 of short hums.
Alternatively, the different durations may be determined
with respect to a predetermined threshold. For example, any
hum having a duration longer than a predetermined duration
may be considered to be a long hum, and any hum having
a duration shorter than the predetermined duration may be
considered to be a short hum. Thus, the length of a constant
tone to trigger a recognition of an mput command segment
may be customized. For example, a respective duration of all
short segments 1304 may be in a range of 100-400 malli-
seconds, and a respective duration of all long hums segments
may be 1n a range greater than 400 milliseconds.

Referring to FIG. 14, a visual representation of a voice
activity signal based on a non-acoustic signal representing
an mput command pattern 1s shown 1n accordance with an
embodiment. The bone conduction vibrations detected along
the first axis and the second axis of accelerometer 108 may
coincide, as shown 1n FIG. 13. Accordingly, the axial signals
can be closely correlated, and cross-correlation values may
be equal to, or nearly equal to, 1 over short segments 1304
and long segments 1306 of input command pattern 1302.
The VAD signal 222 can therefore include a sequence of
energy peaks 1402 that coincide with moments when user
106 1s humming. In an embodiment, cross-correlation values
802 are smoothed by an exponential smoother and passed
through a fixed threshold to generate the hum detector
signal. For example, predetermined correlation threshold
1404 may be 0.2, and a high digital signal can be generated
over a duration 1406 of an energy peak when cross-corre-
lation values 802 are higher than predetermined cross-
correlation threshold 1404. VAD signal 222 may therefore
have sequence ol energy peaks 1402 corresponding to
moments when the cross-correlation values 802 are above a
predetermined correlation threshold 1404. A detected hum
using accelerometer data 1s similar to detecting voice activ-
ity based on energy, but the cross-correlation can be more
robust because it does not depend on an amplitude of
accelerometer signals that vary from user to user. That 1is,
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cross-correlation can detect high and low energy peaks 1n
accelerometer data regardless of an amplitude of first axis
signal 218 and second axis signal 220.

Duration 1406 of energy peak may correspond to a
duration of a hum in mput command pattern 1302. For
example, when user 106 begins hummaing, the cross-corre-
lated accelerometer signal may rise above predetermined
power threshold marking an onset of an energy peak, and
when user 106 stops humming, the cross-correlated accel-
crometer signal may fall below predetermined power thresh-
old marking an end of the energy peak.

At operation 1204, processor 214 may generate ASR
trigger signal 202 based on a comparison of non-acoustic
signal 222 and a predetermined sequence of energy inter-
vals. Processor 214 can determine the sequence of energy
peaks 1402 of non-acoustic signal 208 corresponding to the
segments ol mput command pattern 1302. Processor 214
may be trained with a predetermined sequence ol energy
intervals. Processor 214 may be trammed during setup of
mobile device 112 to recognize a sequence ol long pause,
short hum, short pause, short hum, short pause, long hum,
and long pause (by way of example only) as a trigger
command to begin speech recognition. This predetermined
sequence 1s matched by the accelerometer data, 1.e., the VAD
signal 222, shown in FIG. 14. Accordingly, processor 214
can compare the sequence of energy peaks 1402 to the
predetermined sequence of energy intervals to determine
that the patterns match. In response to determining that
sequence of energy peaks 1402 matches the predetermined
sequence ol energy intervals, processor 214 may generate
ASR trigger signal 202.

Referring to FIG. 15, a flowchart of a state machine
algorithm having several states corresponding to predeter-
mined segments of an mmput command pattern 1s shown in
accordance with an embodiment. Processor 214 can act as a
state machine to determine whether the mput command
pattern 1302 made by user 106 matches a predetermined
input command pattern. Each energy interval in the prede-
termined sequence of energy intervals may correspond to a
umque state 1502. That 1s, the predetermined sequence of
energy 1ntervals may include several states 1502 corre-
sponding to a respective segment of input command pattern
1302. In an embodiment, input command pattern 1302
includes a predetermined sequence of hums and pauses, and
thus, the states 1502 correspond to respective hums or
pauses 1n the sequence. Processor 214 may follow a simple
heuristic, e.g., an 1f-then algorithm, to determine whether a
received command from user 106 matches a pre-traimned
trigger command, and thus, triggers speech recognition. For
example, as processor 214 identifies each sequential hum or
pause 1 a predetermined sequence, a condition 1s met to
advance from a previous state to a next state. In the
illustrated example, seven states corresponding to hums and
pauses of different lengths exist between an 1nitial state and
a final state when the mput command pattern 1s detected.

Referring to FIG. 16, a visual representation of a voice
activity signal based on a non-acoustic signal representing
an 1put command pattern, and corresponding states, 1s
shown 1n accordance with an embodiment. VAD signal 222
includes sequence of energy peaks 1402 corresponding to
respective energy 1tervals 1n a predetermined sequence, and
energy troughs 1602 corresponding to respective energy
intervals. Energy troughs 1602 may be during moments
when an energy of a single-axis voice activity signal or a
cross-correlation signal 1s below a predetermined threshold,
¢.g., predetermined correlation threshold 1404. For example,
energy troughs may occur during a pause 1 humming or
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speech by user 106. As each energy interval matches the
predetermined energy interval in the tramned trigger com-
mand, the state machine may progress through a sequence of
states 1502. In an embodiment, as depicted 1n FIG. 15, when
the VAD signal 222 fails to meet a condition to advance to
a next state 1502, the state machine can revert to an initial
state. ASR triggering system 100 may then reset to begin
monitoring user inputs for the mput command pattern 1302
again. When the state machine reaches a final state 1502,
processor 214 may assert ASR trigger signal 202. That 1s,
when mput command pattern 1302 1s detected, the input
command pattern 1302 acts as a trigger to start speech
recognition at ASR server 200.

In an embodiment, input command pattern 1302 includes
a predetermined sequence of phonemes spoken by user 106,

¢.g., during a key-phrase. Thus, the states 1502 may corre-
spond to respective phonemes or pauses in the sequence. For
example, mput command pattern 1302 may be a phrase or
series of phonemes such as in the word “sixty-two” that can
be broken 1nto the syllables “six-ty-two.” Each syllable, and
the pauses between syllables, may have a predetermined
duration. The predetermined durations may be learned dur-
ing tramning by user 106, and thus, the trained sequence of
energy intervals may be personalized to user 106. Processor
214 may monitor the accelerometer signal for voice activity
that corresponds to the pre-trained sequence of phonemes to
identily progression to a final state that triggers ASR server
200.

Referring to FIG. 17, a block diagram of a computer
portion of ASR triggering system 1s shown in accordance
with an embodiment. Computer portion may have a pro-
cessing system that includes the illustrated system architec-
ture. Computer portion can reside on mobile device 112 or
in a headset. Computer portion 1702 can include the cir-
cuitry of ASR tramning system 100. Certain standard and
well-known components which are not germane to the
present invention are not shown. Processing system may
include an address/data bus 1704 for communicating infor-
mation, and one or more processors 214 coupled to bus for
processing information and instructions. More particularly,
processor 214 may be configured to receive input signals
from accelerometer 108 and microphone 114, execute an
ASR triggering module, e.g., including a state machine
algorithm, and provide ASR trigger signal 202, as described
above.

Processing system may also include data storage features
such as a memory storing the ASR triggering module
executable by processor(s) 214. Memory may include a
main memory 1706 having computer usable volatile
memory, €.g., random access memory (RAM), coupled to
bus 1704 for storing information and instructions for pro-
cessor(s) 214, a static memory 1708 having computer usable
non-volatile memory, e.g., read only memory (ROM),
coupled to bus for storing static information and instructions
for the processor(s) 214, or a data storage device 1710 (e.g.,
a magnetic or optical disk and disk drive) coupled to bus
1704 for storing information and instructions. Data storage
device 1710 may include a non-transitory machine-readable
storage medium 1712 storing one or more sets of instruc-
tions executable by processor(s) 214. For example, the
instructions may be solftware 1714 imncluding software appli-
cations, such as the state machine. Software 1714 may
reside, completely or at least partially, within main memory
1706, static memory 1708, and/or within processor(s) 214
during execution thereof by processing system 1702. More
particularly, main memory 1706, static memory 1708, and
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processor(s) 214 may also constitute non-transitory
machine-readable storage media.

ASR triggering system 100 of the present embodiment
includes 1put devices for receiving active or passive put
from a user 106. For example, manual mput device 1716
may include alphanumeric and function keys coupled to bus
1704 for communicating imnformation and command selec-
tions to processor(s) 214. Manual input device 1716 may
include 1mput devices of various types, including a keyboard
device, a touchscreen devices, or a touchpad. Manual 1nput
device 1716 may include accelerometer 108 and/or micro-
phone 114 integrated 1n a headset, or a voice activation input
device, to name a few types. Input signals from manual 1nput
device 1716 may be communicated to bus 1704 through
wired and/or wireless connections. Display 1718 of ASR
triggering system 100 may be coupled to bus 1704 for
displaying a graphical user interface to user 106, ¢.g., during
setup of mobile device 112 and/or training of mput com-
mand patterns 1302 by user.

In the foregoing specification, the invention has been
described with reference to specific exemplary embodiments
thereof. It will be evident that various modifications may be
made thereto without departing from the broader spirit and
scope of the mvention as set forth 1n the following claims.
The specification and drawings are, accordingly, to be
regarded in an 1illustrative sense rather than a restrictive
sense.

What 1s claimed 1s:

1. An automatic speech recognition (ASR) triggering
system, comprising:

a microphone to generate an acoustic signal representing

an acoustic vibration;

an accelerometer to generate a non-acoustic signal repre-
senting a bone conduction vibration;

an acoustic detector to receive the acoustic signal and to
generate an acoustic trigger signal 1n response to the
acoustic signal matching an energy signature of a
key-phrase;

a voice activity detector (VAD) to receive the non-
acoustic signal and to generate a VAD signal based on
the non-acoustic signal;

a pattern detector to receive the VAD signal and to
generate a non-acoustic trigger signal in response to the
VAD signal matching a predetermined sequence of
energy intervals of the key phrase; and

a processor to receive the acoustic trigger signal and the
non-acoustic trigger signal, and generate an ASR trig-
ger signal based on a combination of the acoustic
trigger signal and the non-acoustic trigger signal when
the acoustic trigger signal and the non-acoustic trigger
signal are asserted.

2. The ASR triggering system of claim 1, wherein the
accelerometer detects the bone conduction vibration along
one or more axes, wherein the non-acoustic signal includes
one or more axis signals, and wherein the VAD generates the
VAD signal based on an energy in the one or more axis
signals.

3. The ASR triggering system of claim 2, wherein the one
or more axis signals includes a first axis signal and a second
axis signal, and wherein the VAD generates the VAD signal
based on a cross-correlation of the first axis signal and the
second axis signal.

4. The ASR triggering system of claim 1, wherein the
VAD recerves the acoustic signal, and wheremn the VAD
cross-correlates the acoustic signal and the non-acoustic
signal to generate the VAD signal.
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5. The ASR triggering system of claim 1, wherein the
pattern detector detects a match between the VAD signal and
the predetermined sequence of energy intervals, and gener-
ates the non-acoustic trigger signal in response to the match.

6. The ASR triggering system of claim 1, wherein the
acoustic detector generates the acoustic trigger signal as a
high digital signal, and wherein the VAD generates the VAD
signal as the high digital signal when an energy or a
cross-correlation value of the non-acoustic signal 1s above a
predetermined threshold.

7. The ASR triggering system of claim 6, wherein the
processor generates the ASR trigger signal when the acous-
tic trigger signal and the non-acoustic trigger signal are
simultaneously high digital signals.

8. The ASR triggering system of claim 1 further compris-
ing a second acoustic detector to receive the acoustic signal
and to generate a power-on signal 1n response to detecting a
power-on portion of the energy signature of the key-phrase,
and wherein the accelerometer powers on and generates the
non-acoustic signal 1n response to receiving the power-on
signal from the second acoustic detector.

9. The ASR triggering system of claim 1, wherein the
VAD recerves the acoustic signal to generate the VAD si1gnal
based on the acoustic signal and the non-acoustic signal.

10. An automatic speech recognition (ASR) triggering
system, comprising:

a microphone to generate an acoustic signal representing,
an acoustic vibration corresponding to user vocaliza-
tions, wherein the user vocalizations include a key-
phrase and one or more additional vocalizations other
than the key-phrase;

an accelerometer to generate a non-acoustic signal repre-
senting a bone conduction vibration corresponding to
the user vocalizations; and

a processor including an acoustic channel to receive the
acoustic signal and a non-acoustic channel to receive
the non-acoustic signal, wherein the processor gener-
ates an ASR trigger signal based on a combination of
the acoustic signal and the non-acoustic signal, and
wherein the processor generates the ASR trigger signal
to trigger speech recognition functions on the one or
more additional vocalizations other than the key-phrase
at least 1n response to the acoustic signal and the
non-acoustic signal match a sequence of energy inter-
vals of the key-phrase.

11. The ASR triggering system of claim 10, wherein the
processor generates the ASR trigger signal when the acous-
tic signal matches the non-acoustic signal.

12. The ASR triggering system of claim 11, wherein the
acoustic signal matches the non-acoustic signal when the
acoustic signal and the non-acoustic signal simultaneously
match the sequence of energy intervals of the key-phrase.

13. The ASR triggering system of claim 10, wherein the
acoustic signal has a higher energy bandwidth than the
non-acoustic signal.
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14. The ASR triggering system of claim 10, wherein the
ASR trigger signal 1s a binary output.

15. An automatic speech recognition (ASR) triggering
system, comprising;:

a microphone to generate an acoustic signal correspond-
ing to user vocalizations, wherein the user vocaliza-
tions include a sequence of hums and one or more
additional vocalizations other than the sequence of
hums:

an accelerometer to generate a non-acoustic signal corre-
sponding to the sequence of hums made by a user,
wherein the sequence of hums have respective dura-
tions; and

a processor to
receive the non-acoustic signal, and
generate an ASR trigger signal based on a comparison

of the respective durations of the sequence of hums
to a selected sequence of durations of a hum pattern,
wherein the ASR trigger signal 1s generated by the
processor to trigger speech recognition functions on

the one or more additional vocalizations other than

the sequence of hums at least 1n response to the
respective durations match the selected sequence of
durations.

16. The ASR triggering system of claim 15, wherein the
Processor

determines a sequence of energy peaks of the non-acous-
tic signal corresponding to the sequence of hums,

compares the sequence of energy peaks to a selected
sequence ol energy intervals having the selected
sequence ol durations, and

generates the ASR trigger signal 1n response to determin-
ing the sequence of energy peaks matches the selected
sequence ol energy intervals.

17. The ASR triggering system of claim 16, wherein the
accelerometer detects a bone conduction vibration along a
first axis and along a second axis, wherein the non-acoustic
signal includes a first axis signal corresponding to the bone
conduction vibration along the first axis and a second axis
signal correspondmg to the bone conduction vibration along
the second axis, and wherein the PrOCESSOr Cross- -correlates
the first axis signal and the second axis signal to generate a
VAD signal having the sequence of energy peaks.

18. The ASR triggering system of claim 17, wherein the
processor determines an energy peak of the energy peaks
when a cross-correlation value of the first axis signal and the
second axis signal 1s above a selected correlation threshold.

19. The ASR triggering system of claim 18, wherein each
respective duration of the sequence of hums 1s between
when the cross-correlation value rises above the selected
correlation threshold to when the cross-correlation value
falls below the selected correlation threshold.
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